The Standard Model is extended by a SU(2) L singlet of vector leptoquarks. An additional SU(4) gauge symmetry between right handed up quarks and right handed leptons is introduced to render the model renormalizable. The arrangement is made in such a way that no conflict with low energy restrictions is encountered. The SU(2) L singlet mediates interactions between the right handed leptons and up type quarks for which only moderate low energy restrictions M LQ /g LQ > few hundred GeV exist. However, it is not a candidate to explain the anomalous HERA data at large Q 2 because theoretical reasons imply that g LQ ≥ g s which would give a much stronger anomalous HERA effect. We furthermore argue that the inequality g LQ ≥ g s is a general feature of consistent vector leptoquark models. Although our model is not relevant for HERA, it is interesting per se as a description of leptoquarks of mass ≤ 1 TeV consistent with all low-energy requirements.
Introduction. There has been an increasing interest in leptoquarks of mass M LQ ∼ few hundred GeV in the last months, due to the exciting possibility of observing such particles at HERA [1, 2, 3, 4] . Single leptoquarks may be produced in electron proton collisions directly in an s-channel process eq → LQ whereas in proton-proton collisions they contribute more indirectly via t-channel exchange or are pair-produced. Correspondingly, leptoquarks seen at HERA need not necessarily satisfy the Tevatron bounds [5] , because the processes and couplings involved are different.
On the theoretical side there are many extensions of the standard model which predict the existence of leptoquarks with masses which could be of the order of a few hundred GeV [6, 7] . However, phenomenological considerations [8, 9, 10] show that most of these models are in conflict with low energy data. Either they induce proton decay or various FCNC processes or they enhance leptonic decays of pseudoscalar mesons. The phenomenological restrictions can usually be expressed in terms of the ratio M LQ /g LQ where g LQ is the coupling of the leptoquarks to quarks and leptons.
Low Energy Constraints.
More in detail, the processes that lead to the strongest bounds on the leptoquark mass and couplings are (i) proton decay This is induced when the leptoquark has diquark couplings as well, so that processes→ ql etc are possible. Leptoquarks of this type are out of reach of any future collider.
(ii) flavor changing neutral current processes
These are induced when the leptoquark couples to more than one generation in the lepton and/or the quark sector. The strongest bound arises from the decay K L → µe which is induced by exchange of a leptoquark in the t-channel and typically given by M LQ /g LQ ≥ 100 TeV [8] .
(iii) leptonic decays of pions and other pseudoscalars
This bound is particularly strong for leptoquarks that couple both to left-handed and right-handed quarks, namely M LQ /g LQ ≥ 100 TeV [8] .
(iv) other processes
There are a number of other processes like D-decays, K 0K 0 mixing, µ-decays, τ -decays [8] and atomic parity violation [10, 11] , all of which give weaker constraints to leptoquark masses and couplings and are compatible with a leptoquark (ēγ µ γ 5 e)(qγ µ q) to the interactions of electrons and quarks in ordinary atoms [10] .
In the model presented below the bounds (i-iii) are avoided. There are no proton decays and the FCNC processes involving Kaons are avoided by the leptoquarks coupling to up-but not to down-type quarks. The restrictions from D-decays are much less severe than from K-decays, typically given by M LQ /g LQ ≥ O(1)
TeV [8] . Furthermore, the strong bound from pion decays is avoided because the leptoquarks couple chirally, and in particular they couple only to right-handed quarks. Note also that there is no "CKM-type" mixing in the model.
General Analysis. Possible leptoquarks interactions have been analyzed in ref. [12] in a model independent way from a purely phenomenological point of view. Because of their coupling to quarks, all leptoquarks carry color (in the fundamental representation). Furthermore, all leptoquark fields have dimension 1 and integer spin (0 or 1), i.e. they are either scalar or vector fields. Depending on whether they interact with a fermion-antifermion or a fermion-fermion system they carry fermion number F = 3B + L = 0 or −2. Using the assumption that the leptoquark interactions respect the symmetries of the standard model the most general effective Lagrangian involving leptoquarks was derived in [12] .
These relatively mild assumptions lead to a variety of leptoquarks. In the model presented below just one of these is selected by requiring the following principles with the corresponding Higgs mechanism (see below) or as superpartners in supersymmetric theories [13, 2, 3, 4] . It is true that Tevatron data seem to exclude vector leptoquarks below 300 GeV [5] . Therefore, in this article we explore the theoretical possibility of a vector leptoquark of mass 300 GeV ≤ m LQ ≤ 1 TeV.
• universality this implies that the leptoquark couplings to all families are the same. It is a reasonable assumption in view of the known universality of all the other gauge interactions.
• vanishing fermion number this leaves only the F = 0 leptoquarks in the list. In the summary section there will be a short discussion about what happens if this assumption is given up.
Together with the low energy constraints, these principles are so strong that only one of the leptoquarks passes the requirements, namely an F = 0 vector particle
. A goal of this letter is to embed this particle and its interaction into a renormalizable (and thus consistent) extension of the standard model. A Higgs mechanism will be invoked to obtain the leptoquark mass. The minimal extension of the standard model which includes the fields V i µ is by an SU(4) gauge group which acts on the righthanded quadruplet p R formed by e R and u i R , i=1,2,3. V i µ are thus leptoquarks of the Pati-Salam type, but without interactions to d-type quarks and to left-handed fermions. The total symmetry group of the model is SU(4) × SU(3) × SU(2) L × U(1) X . Let us write down the Lagrangian:
Here q L and l L are the left-handed quark and lepton doublets, and e R , d R and u R the righthanded charged leptons, down-and up-type quarks, respectively. Color, weak isospin and generation indices have been suppressed. X(p R ) is the U (1) charge of the quadruplet p R = (u R , e R ). It will be fixed later to be X(p R ) = 1 4 by requiring that the electromagnetic coupling comes out right. For all other fermion fields, l L , d R and q L , the X-charge agrees with the weak hypercharge.
C µ is the U(1) X gauge field which will mix with the other neutral fields of the model, W 3 µ and R 15 µ . R µ , L µ and W µ are the gauge bosons of the SU (4), SU (3) and SU (2), respectively, with gauge couplings g 4 , g 3 and g 2 . The algebra of SU (4) is spanned by the matrices ρ a , a=1,...,15, where ρ 1 ,...,ρ 8 are the SU (3) λ-matrices. For example, ρ 15 is given by
where group indices have been suppressed. One sees that besides the leptoquarks V µ , there is an octetR µ and a singlet S µ := R 15 µ of vector bosons.R µ will mix with the SU(3) octet L µ to form 8 massless gluons and 8 massive 'axigluon' states.
The quantum number assignments for the fermions can be found in Table 1 . A family symmetry is assumed which is only broken by fermion mass terms. As can be seen from Table 1 , there are big differences as compared to the Pati-Salam model. The main difference is that not all possible leptons and quarks are put into a SU(4) multiplet, but only the righthanded electron and up-quark. Note that this is a chiral model, i.e. left and righthanded fermions behave non-symmetric, so as to embed the weak interactions in the model. Higgs-terms have been omitted in the Lagrangian. They will be discussed later, and as usual, they will provide boson and fermion masses. Essentially, there will be one Higgsfield, H(4, 3, 1) with vev v, which will break SU(3) × SU(4) to color SU (3), and another one, H d (1, 1, 2) with vev v d , similar to the standard model Higgs field, which breaks SU(2) L . The leptoquark masses are then of the order g 4 v whereas the W and Z mass turn out to be as in the Standard Model. (4) symmetry down to the diagonal SU(3) c in a similar fashion than happens in the so-called chiral-color models [14] which are based on SU(3) L × SU (3) R . In those models, the gauge fieldsR µ and L µ couple to right-and lefthanded currents and are rotated in order to get the QCD couplings to the gluons G µ right,
The 'right-handed' bosons are written with a hat here in order to make the analogy with our model clear. N µ are the 'axigluons' which have to become heavy by a suitable Higgs mechanism which breaks SU(3) L × SU(3) R to the diagonal SU(3). In the limit that the SU(3) L and the SU(3) R gauge couplings are identical, the N µ couple purely axially to fermions. Hence the name axigluons.
Present Tevatron restrictions on axigluons are such that an axigluon with mass 500 GeV would be compatible with almost all bounds [15, 16] .
In the SU(4) case at hand one can proceed analogously. The relevant interactions of the quarks are given by
Inserting Eq. (3), one can prove that the ordinary gluon interactions are reproduced if
or, equivalently,
An immediate consequence of these relations is that both g 3 and g 4 are necessarily larger than the QCD coupling, i.e. for scales below 1 TeV one has g 3,4 O(1). This is undesired in view of the anomalous DESY-HERA data because the leptoquark coupling to fermions is g LQ = g 4 and the HERA data require a smaller
coupling. Furthermore, one has low-energy constraints M LQ /g LQ O(1) TeV which imply that the leptoquark mass M V in our model is closer to 1 TeV than to 200 GeV. It should be stressed that the relation g LQ O(1) is a characteristic feature of the class of models discussed in this letter.
Higgs Sector.
In principle, there is some ambiguity in choosing the Higgs multiplets and the Higgs potential. In the following we present one possibility which is consistent with the Standard Model at low energies. The Higgs fields in this scenario have a rather complicated structure. From the quantum number assignments in Table 1 it is evident that one needs different Higgs multiplets for the various fermions to become heavy. There is a Higgs field H l (4, 1, 2, − 1 2 − X(p R )) with vev v l δᾱ 4 δ i2 for the lepton masses, a Higgs field H u (4, 3, 2, 1 6 −X(p R )) with vev v u δᾱ β δ i1 for the up quark masses and a Higgs field H d (1, 1, 2, 1 2 ) with vev v d δ i2 for the down quark masses. Here,ᾱ, β and i are SU(4), SU(3) and SU(2) L indices, respectively. Altogether, the Yukawa terms of the Lagrangian are given by
It is interesting to note that apart from giving masses to the fermions, part of shown that this is not compatible with the requirement that γ and Z couplings to fermions are as given in the Standard Model. In fact, to achieve this goal, we will be forced to introduced yet another Higgs multiplet, H(4, 3, 1, 5 12 ) with vev vδᾱ β which breaks SU(4) × SU (3) The Higgs vevs induce the following vector boson masses :
• Axigluon mass :
This mass is always large because it involves the large vev v and both strong couplings g 3 and g 4 .
• Leptoquark mass : 1 2 m 2 V = 1 4 g 2 4 (v 2 + v 2 u + v 2 l ) This mass is in general smaller than the axigluon mass because a term ∼ g 2 3 is missing (assuming v l << v). However, it competes with the mass of the neutral boson related to the ρ 15 generator, as discussed below.
• Mass matrix of the neutral vector bosons C µ , W 3 µ and S µ :
Note that this matrix has one vanishing and two nonvanishing eigenvalues.
The corresponding eigenstates will be called A µ , Z µ and T µ . By calculating the characteristic polynomial, one sees that the mass of the state T µ is governed by the vev v whereas m Z is independent of v and thus 1 The X-charge 5 12 of H is fixed by the requirement that the components Hβ β , β = 1, 2, 3 are neutral.
smaller. The rotation matrix which diagonalizes 1 2 M 2 will be called r, i.e. r T 1 2 M 2 r =diag(0, 1 2 m 2 Z , 1 2 m 2 T ).
• W ± mass :
When diagonalizing the mass matrix of the neutrals, it will be possible to maintain the relation m W = c W m Z where c W is the cosine of the ordinary Weinberg angle.
Electroweak Sector.
The mass matrix of the neutral gauge bosons has to fulfill two requirements. First of all, the Z-mass must come out as 1 = 1 (9) and
because the photon state is given by
Note that T 15 = ρ 15 2 and T 3 = τ 3 2 . Furthermore, the coupling g Y corresponding to the Standard Model weak hypercharge is given by g −2 Y = g −2 1 + 25 6 g −2 4
.
Given e = 0.303 and g 2 = 0.636, Eq. (9) can be considered as a relation between g 1 and g 4 . One may introduce an angle φ by the relations
with c 2 φ + s 2 φ = 1. This angle will simplify the notation in the following.
The requirement that the couplings of photon and Z must be as in the standard model, completely fixes the rotation matrix r which must be used to diagonalize 
In general this matrix r will not diagonalize 1 2 M 2 , and thus in general the Standard Model couplings cannot be reproduced. However, there is one simple condition under which r, Eq. (13), completely diagonalizes 1 2 M 2 and at the same time gives the correct Z mass, namely
This condition can be fulfilled for various values of the vevs. A typical solution
is v being larger than v d and this in turn is larger than v u and v l . However, it should be noted that one must not take v u = v l = 0, because otherwise g 4 → ∞ according to Eq. (14) . Within this solution, the leptoquark mass is always of the same order as the mass of the T-particle (to within ±50 GeV), whereas the axigluon masses can be made higher than 1 TeV (if desired). Note that there are Tevatron limits on the mass of neutral vector bosons, of about 550 GeV [17] .
This fact can be used to argue that the leptoquark in our model should have mass m V 500 GeV.
Due to the mixing of photon, Z and T, there is another constraint on the coupling g 4 (weaker than g 4 ≥ g s ), arising from the limit s φ ≤ 1 in the electroweak sector.
According to Eq. it is given by g 4 ≥ 5e
√ 6c W ≈ 0.70. Conversely, the condition g 4 ≥ g s translates into a constraint for s φ , namely s 2 φ 0.5.
It might be interesting to examine the Higgs content of the various vector bosons, for simplicity in the limit v >> v d >> v u,l . In that limit 3 of the 4 real components of H d are eaten up by W and Z leaving the Standard Model Higgs field as a real particle. The longitudinal components of the axigluons, leptoquarks and neutral (8+6+1=15 real degrees of freedom) are given by 15 components of the Higgs multiplet H(4, 3, 1), namely Im Hᾱ β (α, β = 1, 2, 3), H1 β (β = 1, 2, 3) and
Im Hβ β , respectively. The 9 remaining real parts of Hᾱ β and Hβ β will be real Higgs particles.
Checking the Vector Boson Self Interactions. Besides its interactions with leptons and quarks, the leptoquark interacts with other Standard Model particles, namely with the photon, the gluon and the Z. This can be seen by working out the terms − 1 4 R a µν R µνa − 1 4 L a µν L µνa in the Lagrangian. Not surprisingly, one finds that the coupling strength to the photon is 5 3 e and to the gluons is given by g s . The coupling to gluons is being used in the Tevatron searches for leptoquarks via the process→ g * → VV . Note that the Yang-Mills terms induce several other interesting vector boson self couplings which will not be discussed here.
Anomaly Cancellation and Unification.
It is well known that in the Standard Model all γ 5 anomalies cancel. In the present model this is only the case, if additional exotic fermion multiplets are introduced. This works similarly as in the chiral-color models based on SU(3) L × SU(3) R [18] , and we do not want to give more details here. For convenience, a list of anomalies is included in Table 2 . Additional fermions are needed for all those anomalies with nonvanishing entries in the last line.
It would be very interesting if the anomalies could be cancelled by embedding the SU(4) × SU(3) × SU(2) L × U(1) X in an anomaly free grand unified theory.
Unfortunately, the group is so large, that only GUT groups of rank ≥ 7 like E 7 , E 8 or SO (18) with inconveniently large fermion representations are possible.
Therefore, unification is not a straightforward option in our model. In any case, the new particles -leptoquarks, axigluons etc. -modify the running of coupling constants, so that the GUT scenario is strongly modified by the additional SU (4) symmetry.
Summary.
We believe that our model has general implications on gauge models with vector leptoquarks of mass ≤ 1 TeV. Therefore as a summary we want to stress its general features, which are independent of the chosen symmetry breaking mechanism. One of them is the appearance of an SU (4) (4), SU (3), SU(2) L and U(1) X are denoted by ρ, λ, τ and X, respectively. Note that the anomaly for τ 3 vanishes as a consequence of a general SU (2) property, and the anomalies for X 2 τ , X 2 λ and X 2 ρ are zero due to the tracelessness of the SU (2), SU (3) and
SU (4) generators.
would be in conflict with low energy constraints.
Among the SU(4) gauge bosons there are, besides leptoquarks, necessarily neutral as well as gluon-like fields whose masses are of the order of the leptoquark mass. This is enforced in order to close the color algebra. The gluonic type gauge bosons will mix with the ordinary gluons, and relations of the form g s = g LQ cos θ will appear through this mixing forcing the leptoquark coupling to be a strong coupling, g LQ ≥ g s .
Within the proposed symmetry breaking scheme, it has turned out that there is one Higgs field which strongly resembles the Standard Model Higgs particle.
Further, there is another one which is mainly responsible for the breaking of the SU(4) symmetry.
In the present model, the righthanded up-type quarks are part of the SU (4) quadruplets whereas the righthanded down-type quarks are SU(4) singlets. It is thus apparent that the custodial symmetry between u R and d R which is respected by the Standard Model (neglecting quark masses) is violated. Correspondingly, one expects "large" loop corrections to the ρ-parameter [19] (or ǫ 1,2,3 [20] ) other than ∼ m 2 t − m 2 b . In fact, there are additional self-energy diagrams of W and Z with either leptoquarks V ± , the neutral Z' (T µ ) as well as many of the Higgs components discussed above. In addition, there are the new fermions needed for anomaly cancellation. Of course one can always argue that the contribution of these particles to ǫ 1,2,3 is sufficiently small if their masses are larger than, say, 500 GeV [20] .
Finally we want to discuss what happens if the assumption of vanishing fermion number is given up. Low energy constraints, universality and gauge principle then allow for a leptoquark interaction of the formū c R γ µ l L U µ , where U µ is an SU(2) L doublet of leptoquarks. Using the same philosophy as before, one may now construct a gauge theory based on SU(5)×SU(3)×SU(2) q ×U(1) where the lefthanded quarks q L transform as a doublet under SU(2) q whereas the lefthanded leptons are part of an SU(5) quintet, (e L , ν L , u 1c R , u 2c R , u 3c R ). Thus SU (5) contains a subgroup SU(2) l × SU(3) ′ where SU(3) ′ × SU(3) → SU(3) c as before, giving rise to 8 massive axigluons, and SU(2) l ×SU(2) q → SU(2) L , introducing 3 additional massive states, the "axi-W ± /Z". There is also a neutral gauge boson which mixes with the photon. The remaining 12 SU(5) gauge bosons constitute the leptoquark U µ . This is certainly a viable model, however, with analogous anomaly problems as the model discussed before. Note that the quintet is reminiscent of the quintet in "flipped SU(5)" [21] . However, in contrast to flipped SU (5), here one has no 10-representation containing down-quarks because this would induce proton decay.
